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ABSTRACT  
Inspired by recent experimental results, the electronic and magnetic properties of sulfur-passivated ZnO 
clusters and zigzag nanoribbons have been studied using fi rst principles calculations in the framework of 
the local spin density approximation. In the case of the ZnO nanoribbons, the sulfur atoms or thiol groups 
were attached in different ways to the zinc or oxygen atoms located at the edges, whereas in clusters, the 
sulfur atoms were set on the surface, mainly interacting with atoms with low-coordinate number. After an 
exhaustive atomic relaxation, we found that a magnetic moment emerges in zigzag nanoribbons both with 
and without sulfur-passivation on the edges. However, the magnitude of the magnetic moment is very 
sensitive to sulfur passivation. In particular, we found that when sulfur is attached to the zinc atoms in an 
alternating fashion along the ribbon edges, the magnetic moment is a maximum (1.4 μB/unit cell). In the 
case of clusters, we found that the Zn15O15 cluster exhibits a high spin moment of 5.5 μB when capped with 
sulfur atoms. Our calculations indicate that sulfur-passivating of ZnO nanosystems could be responsible for 
recently observed ferromagnetic responses.    
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Introduction
Metal oxide nanostructures have been recently 
investigated from both experimental and theoretical 
standpoints due to their potential applications in the 
fabrication of novel electronic devices. In this context, 
one of the most versatile systems is zinc oxide 
(ZnO). In particular, for spintronics, ZnO doped 
with transition metals has been predicted to be one 
of the best candidates [1]. The recent observation of 
ferromagnetism in undoped semiconductor oxide 
nanoparticles (TiO2, ZnO, In2O3, SnO2, and CeO2) [2] 
and other unusual magnetic responses in ZnO doped 
with transition metals [3, 4], have created excitement 
in order to answer questions regarding the origin 
of magnetism in these systems. García et al. have 
found a magnetic behavior in ZnO nanoparticles 
with organic passivation [5]. They reported that 
nanoparticles grown in a dodecanethiol environment 
present a large ferromagnetic response. Banerjee et al. 
observed an enhancement of ferromagnetism upon 
thermal annealing of ZnO nanoparticles grown by 
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a micellar method from a sulfur-based compound 
[6]. Recent calculations using the local spin density 
approximation (LSDA) showed that ferromagnetism 
could be found in pure ZnO or in carbon-doped 
ZnO clusters [7]. Despite the fact that doping and/
or passivating ZnO with non-magnetic ions clearly 
results in magnetic properties, the origin of this 
unusual effect is far from clear. 
It is the aim of this manuscript to shed some 
light on the effect of sulfur atoms on the magnetic 
properties of ZnO systems using first principles 
calculations. We demonstrate that sulfur-passivation 
in ZnO systems promotes strong ferromagnetism. 
This finding is significant due to its possible 
technological applications in information storage, 
processing devices and spintronics. Using density 
functional theory, we predict ferromagnetism 
enhancement in two ZnO systems nanoparticles 
and nanoribbons when passivated with sulfur or 
thiol groups. Recent experimental results, related to 
the production of very thin films of ZnO adopting 
a boron-nitride-like planar structure, have inspired 
our choice for one of the systems studied here [8]. 
Recently, we have observed using first principles 
calculations that one-dimensional undoped ZnO 
nanostructures, and in particular zigzag nanoribbons, 
are metallic and can exhibit small ferromagnetic 
responses [9, 10]. When these ribbons are passivated 
with sulfur or methanethiol (CH3SH), however, 
the magnetic moment increases significantly. Local 
densities of states (LDOS) calculated on the sulfur, 
zinc, and oxygen atoms within the ZnO nanoribbon 
unit cell indicate that the main contribution to the 
total magnetic moment arises from the sulfur atoms. 
Similarly, we have also found that ZnO clusters can 
exhibit enhanced ferromagnetism when they are 
passivated with sulfur atoms and a high magnetic 
moment is obtained. The ferromagnetic behavior 
found in these sulfur-passivated ZnO nanoparticles 
is attributed to weakly coordinated atoms located on 
the cluster surface.
1. Results and discussion
In Fig. 1, we show five different forms of sulfur-
passivated ZnO zigzag nanoribbons that were 
constructed by cutting a planar monolayer along 
two parallel zigzag lines. The ribbons are periodic 
in the “x” direction with the width defined in the 
“y” direction. Note that if the ribbons were periodic 
Figure 1   Molecular models of ZnO single-layered nanoribbons 
passivated with sulfur along the edges (the ribbons are periodic 
in the horizontal direction). In all systems, the sulfur passivation is 
denoted by a rectangle, and the shaded region represents a unit cell: 
(a) both the Zn- and the O-dominated edges are passivated; (b) only 
the O-dominated edge is passivated; (c) only the Zn-dominated edge 
is passivated; (d) alternating sulfur passivation of the Zn-dominated 
edge; (e) a thiol is attached to a Zn atom. All the structures were 
relaxed using a conjugate gradient method. It is important to remark 
that all ribbons exhibit a magnetic moment. In case (d), where the 
sulfur atoms are attached to two zinc atoms, the magnetic moment 
is maximal
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in the “y” direction, they would exhibit armchair 
edges. However, we are not interested in this kind 
of ribbons since they are semiconducting [9] and 
do not exhibit ferromagnetic behavior [10]. For all 
zigzag nanoribbons, the sulfur or thiol groups are 
attached to the ribbon atoms located on the edges. 
The shaded regions in Fig. 1 schematically represent 
the unit cell; for details see the Methods section 
below.
Previous electronic calculations carried out for 
a few number of ZnO layers have demonstrated 
that after relaxation, the structure prefers a planar 
configuration in which both the cation (Zn) and 
the anion (O) share the same plane [11]. These 
predictions were recently confirmed experimentally 
by Tusche et al. by depositing ZnO on Ag(111) 
using laser ablation [8]. Therefore, all the structures 
considered in this work were constructed from planar 
layers, and subsequently minimized energetically. 
Recently, we have also demonstrated that undoped 
or unpassivated ZnO zigzag nanoribbons formed 
by a single layer are metallic and can exhibit a small 
magnetic moment [10]. 
We first studied nanoribbons passivated with 
sulfur on both edges (labelled SZn,O, see Fig. 1(a)). 
Here, a sulfur atom is attached to a zinc or oxygen 
atom. The spin-resolved density of states (Fig. 
2(a)) shows a shift of the spin-up and spin-down 
densities with the magnetic moment (0.59 μB) 
being approximately 10% lower than that of the 
corresponding unpassivated system (0.65 μB). We 
have previously shown that the main contribution to 
the total magnetic moment comes from the oxygen-
dominated edge [10]. Therefore, the introduction 
of sulfur-passivation on both edges does not 
significantly affect the electronic and magnetic 
properties of the nanoribbons. However, the magnetic 
moment of the nanoribbons varies depending on 
how the sulfur atoms are attached to the edges (see 
below). 
Figures 1(b) and 1(c) depict the morphology of the 
ZnO zigzag nanoribbons passivated on the oxygen-
terminated edge (labelled SO), and zinc-terminated 
edge (labelled SZn), respectively. In both cases, the 
spin resolved density of states reveals a shift in the 
up and down spins, although it is substantially 
less in the former case. The magnetic moment of 
the SO ribbon (0.12 μB) is only 18% of the magnetic 
moment of the unpassivated ZnO nanoribbon, while 
the magnetic moment of the SZn ribbon (0.72 μB) is 
increased by approximately 10%. In addition, the 
Figure 2   Spin-polarized electronic density of states of ZnO 
nanoribbons passivated with sulfur (note that all systems show a 
shift in the density of states, and consequently a magnetic moment 
is obtained): (a) nanoribbon passivated on the Zn-terminated 
edge showing µ=0.72µB (the structure can be seen in Fig. 1(c)); (b) 
nanoribbon passivated on the Zn-terminated edge in an alternating 
form, showing an increased magnetic moment of 1.4 µB (the 
structure can be seen in Fig. 1(d)). The magnetic moment of the 
unpassivated ribbon is 0.65 µB
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SZn ribbon is more energetically stable than the SO 
ribbon, as S tends to bind preferentially to Zn instead 
of O. 
From the experimental point of view, it is diffi cult 
to have sulfur passivating both of the two coordinate 
atoms (oxygen and zinc) within the nanoribbon. 
Moreover, sulfur has several oxidation states. 
Therefore, we tried to passivate the zinc-dominated 
edge with a single sulfur atom every two Zn atoms 
(alternating passivation), labelled SZn_alt in Fig. 1(d). 
The SZn_alt nanoribbon still exhibits states at the Fermi 
level, and a shift in the DOS, as shown in Fig. 2(b). 
Here, the magnetic moment (1.4 μB) is more than 
twice that of the unpassivated ribbon (0.65 μB).
Figure 3 depicts the LDOS for the SZn_alt nanoribbon. 
The DOS was calculated in all the zinc sites, and then 
added. A similar procedure was followed for the 
case of sulfur and oxygen. It can be observed that 
all types of atoms (Zn, O, and S) exhibit states at the 
Fermi level, and a shift in the spin-up and spin-down 
densities. For sulfur, only states with spin-down can 
be observed at the Fermi level with almost zero states 
in the conduction band, contrary to the situation 
for oxygen and zinc atoms. From magnetic moment 
calculations, we note that the sulfur atoms make a 
major contribution to the total magnetic moment. 
Additionally, the effect of passivating a ZnO 
zigzag nanoribbon with a  thiol  moiety was 
investigated. In this case, a methanethiol (CH3SH) 
group was attached to two Zn atoms on the Zn-
dominated edge of the zigzag nanoribbons (Fig. 1(e); 
labelled SThiol). After geometric optimization, the 
sulfur atom is not bound to two Zn atoms. The DOS 
of this system (not shown here) displays a shift in 
the spin-up and spin-down densities, and exhibits a 
magnetic moment of approximately 1 μB. Since the 
calculations of the ribbons with the thiol moieties are 
very expensive in terms of computational time, we 
only performed one case. However, it is clear from 
this exercise that the effect of passivating with thiol 
groups is qualitatively the same as for pure sulfur 
passivation.
García et al. demonstrated that thiol passivated 
nanoparticles exhibit a ferromagnetic response 
[5]. Therefore, we also investigated the effect of 
passivating a ZnO nanocluster with sulfur atoms. 
We performed spin-polarized calculations on a 
Zn15O15 cluster constructed from the wurtzite crystal, 
and attached sulfur atoms to each of the Zn atoms 
with coordination number less than four (see the 
unrelaxed cluster in Fig. 4). The whole structure 
was then energetically minimized. In this case, 
although the unpassivated Zn15O15 showed a zero 
magnetic moment without states at the Fermi level 
[7], the sulfur-passivated cluster exhibits a huge 
magnetic moment (μ = 5.5 μB) and states at the 
Fermi level. As in the case of the nanoribbons, the 
magnetic moment arises mainly from the sulfur 
atoms. We note from the relaxed molecule that the 
sulfur atoms tend to bond with other sulfur atoms 
and with Zn atoms rather than with oxygen atoms. 
This observation is consistent with the nanoribbon 
case in which the SZn is more stable than SO. The 
results for this particular cluster clearly confi rm that 
sulfur atoms play a crucial role in determining the 
ferromagnetic properties. The DOS of the Zn15O15 
cluster is interesting because it exhibits only spin-
Figure 3   Spin-polarized local electronic density of states for the 
nanoribbons with alternating S atoms along to the Zn-terminated 
edges (the structure can be seen in Fig. 1(d)). Results for sulfur, 
zinc, and oxygen atoms are shown. Notice that all atoms exhibit 
a shift between the spin-up and spin-down density of states, and 
consequently all atoms contribute to the total magnetic moment
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down excitation states. This kind of material would 
be very interesting for spintronic applications, since 
a spin coherent excitation could be used for different 
channels of electronic transport. 
Certainly, the idea of magnetism in systems 
containing non magnetic atoms (or d0 ferromagnetism),
challenges our understanding because exchange 
mechanisms cannot be responsible for this behavior. 
Coey has reviewed different systems exhibiting 
d0 ferromagnetism, and he has proposed that 
this behavior can be induced by lattice defects 
and impurities giving rise to magnetic moments 
associated with molecular orbitals localized in the 
vicinity of the defects [12]. In the systems studied 
here, the major components of the magnetic moment 
are p orbital magnetic moments (shown in Fig. 5) 
of the atoms localized in the vicinity of the sulfur 
impurities. The contribution to the total DOS of the 
p orbitals is the sum of the oxygen 2p, sulfur 3p, and 
zinc 4p orbitals. These orbitals also make the major 
contribution to the conduction states.
2. Conclusions
We have demonstrated the importance of sulfur- and 
thiol-passivation in ZnO nanoribbons and clusters. 
We believe that our results can explain the recent 
experimental observations of ferromagnetism observed 
in ZnO nanoparticles, because the presence of sulfur 
plays a crucial role in determining the magnetic 
properties of the different systems investigated in this 
work. For example, a pure Zn15O15 cluster exhibits a 
null magnetic moment, whereas if the same cluster 
is passivated with sulfur atoms, a large magnetic 
moment is obtained (5.5 μB). In addition, zigzag 
nanoribbons are excellent candidates for ferromagnetic 
materials. We found that when the sulfur atoms are 
attached to Zn atoms in an alternating way along one 
edge, the magnetic moment is increased signifi cantly. 
In summary, the fi ndings related to ferromagnetism in 
nanostructures doped with non-magnetic elements are 
novel and interesting due to the potential applications 
of these new magnetic materials in the data storage 
industry.
Figure 4   Spin-polarized electronic density of states of the Zn15O15 
cluster passivated with sulfur on the surface. Here, the S atoms 
are attached to Zn atoms with low coordination number (2 or 3 
nearest neighbors). The molecular structure can be seen in the 
inset. The Fermi level is set to zero. The cluster exhibits high spin 
moment (5.5µB). The structure was relaxed using the conjugate 
gradient method. It is important to remark that the pure ZnO cluster 
exhibits a null magnetic moment
Figure 5   Projected density of states of the Zn15O15 cluster passivated 
with sulfur. The contribution of the p orbitals to the magnetic 
moment shows that the magnetism of these systems cannot be 
attributed to the transition metal, but rather to an orbital magnetism
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3. Methods
The electronic calculations were carried out using 
density functional theory (DFT) in the framework of 
the LSDA with a basis of linear combination of atomic 
orbitals (LCAO) as implemented in the SIESTA code 
[13]. We use a double-ζbasis set with additional 
polarization orbitals. The pseudo-potentials (pps) 
were constructed from 12, 6, and 6 valence electrons 
for the Zn, O, and S atoms, respectively (Zn: 4s23d10, 
O: 2s22p4, S: 3s23p4). The Troullier-Martins scheme 
was used. The basis set and the pps were tested on 
the bulk zinc oxide wurtzite structure, which showed 
an energy gap (Eg) of 0.76 eV, and cell parameters 
consistent with previous local density approximation 
(LDA) calculations. No spin polarization was 
observed for the bulk wurtzite case. 
It has been previously reported that the use 
of a generalized gradient approximation (GGA) 
functional rather than a local density approximation 
(LDA) underestimates the electronic band gap even 
more, and overestimates the cell parameters (1.6% 
for GGA as compared to 0.8% for LDA for the cell 
parameter c) [14]. In our previous work, we also 
verified that the approximations used in our work 
do not give artifi cial metallicity or spin polarization, 
using a plane wave basis and hybrid functionals. 
In this work, we also verifi ed that by neglecting the 
electron electron interaction when using LDAs, the 
results presented here do not change significantly 
and the ferromagnetic effects do indeed occur.
In this context, we performed DFT calculations 
within the LDA+U approximation using a plane wave 
basis as implemented in the Quantum-ESPRESSO 
package [15]. The energy cut-off of the plane waves 
was set to 65 Ry and 8 K-points were used for the 
sampling of the Brillouin zone. The determination of 
the Hubbard U parameter for ab initio calculations 
is rather complicated, and several approaches have 
been used. Here, we adopted the proposal of Janotti 
et al. [16], where the U parameter is defined as the 
energy interaction between the d electrons on the 
same atom screened by the macroscopic optical 
dielectric constant. For a nanoribbon or monolayer, 
the screening is very different from the bulk. 
Therefore, using the same U as in the bulk would 
not be a very accurate approximation. In order 
to address this issue, we calculated the dielectric 
constant for a monolayer, which is a better estimate 
for the dielectric constant of the nanoribbons. The 
resulting value for U was 11.6 eV. Using this effective 
on-site Coulomb correlation interaction, we found 
that the correction introduced by LDA+U changes 
the position of the d bands, shifting them several 
eV below the valence band maximum, leading to a 
decreased interaction with the O p bands. Despite the 
difference in the lower valence bands, the description 
of the LDA method is qualitatively the same and 
correct, since the LDA+U result exhibits states at the 
Fermi level, and a magnetic moment of 0.25 μB for the 
unpassivated zigzag nanoribbon.
All the nanoribbon structures in this work were 
constructed from planar ZnO, and calculations 
were carried out on large periodic unit cells that 
prevent unrealistic interactions. The sulfur atoms 
were attached in different fashions, and the whole 
structures were further relaxed using a conjugate 
gradient (CG) algorithm with variable cell. The 
Zn15O15 cluster was constructed from the wurtzite 
structure, and the sulfur atoms were bound to the 
surface, and then minimized using CG with a force 
threshold of 0.04 eV/A which assures the structure 
is at least close (within the threshold) to a local 
minimum structure.
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